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Abstract
Mitochondria from all plants, many fungi and some protozoa contain a cyanide-resistant, alternative oxidase that
functions in parallel with cytochrome c oxidase as the terminal oxidase on the electron transfer chain. Characterization of the
structural and potential regulatory features of the alternative oxidase has advanced considerably in recent years. The active
site is proposed to contain a di-iron center belonging to the ribonucleotide reductase R2 family and modeling of a four-helix
bundle to accommodate this active site within the C-terminal two-thirds of the protein has been carried out. The structural
features of this active site are conserved among all known alternative oxidases. The post-translational regulatory features of
the alternative oxidase are more variable among organisms. The plant oxidase is dimeric and can be stimulated by either K-
keto acids or succinate, depending upon the presence or absence, respectively, of a critical cysteine residue found in a
conserved block of amino acids in the N-terminal region of the plant protein. The fungal and protozoan alternative oxidases
generally exist as monomers and are not subject to organic acid stimulation but can be stimulated by purine nucleotides. The
origins of these diverse regulatory features remain unknown but are correlated with sequence differences in the N-terminal
third of the protein. ß 2000 Elsevier Science B.V. All rights reserved.
Keywords: Alternative oxidase; Mitochondrial electron transfer; Di-iron oxidase
1. Introduction
Mitochondria of all known eukaryotes contain cy-
tochrome c oxidase which acts as the terminal oxi-
dase for the electron transfer chain, reducing oxygen
to two molecules of water. In addition, mitochondria
from some organisms contain a second oxidase that
also catalyzes the four-electron reduction of oxygen
to water [1,2]. Electron £ow to this ‘alternative’ path-
way branches from the conventional respiratory elec-
tron transfer pathway (often referred to as the cyto-
chrome pathway) at the level of the ubiquinone pool.
Catalytically, the alternative pathway therefore con-
sists of a single enzyme that functions as a ubiquinol
oxidase [1,2]. Electron transfer through the alterna-
tive oxidase is not coupled to proton translocation,
so two of the three sites of energy conservation are
bypassed and the free energy released is lost as heat.
The alternative oxidase is resistant to inhibitors that
act at electron transfer complexes III (e.g., myxothi-
azol, antimycin) and IV (e.g., cyanide), but it can be
inhibited speci¢cally by several compounds, includ-
ing salicylhydroxamic acid (SHAM) and n-propyl
gallate [2].
The alternative oxidase is found in all plants and
many eukaryotic algae [1,2]. The alternative oxidase
is also found in many, but not all, fungi, and in
mitochondria from some protozoa. No comprehen-
sive survey of the appearance of the alternative oxi-
dase among fungi or protozoa has been carried out,
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so the phylogenetic distribution of the oxidase within
these two non-plant groups is unknown. To date,
there are no reports of the alternative oxidase in
any metazoan mitochondria. Likewise, no SHAM-
sensitive, cyanide-resistant oxidase activity, analo-
gous to the plant alternative oxidase, has ever been
substantiated in any prokaryote. This latter observa-
tion has been reinforced by the absence of alternative
oxidase-related sequences in any of the full-length
prokaryotic genomes (A.L. Umbach, unpublished
observation).
In spite of its ubiquitous presence among plants,
the general role of the alternative oxidase in plant
metabolism remains obscure. The one clear exception
is associated with thermogenesis that takes place in
the £oral tissues of a few plants at the time of pollen
release. High rates of respiration through the alter-
native oxidase generate heat that volatilizes aromatic
compounds, which, in turn, attract pollinating in-
sects. However, the respiratory rates associated
with most plant tissues are not su⁄cient to support
any appreciable thermogenesis [3]. Inhibitors of the
cytochrome oxidase respiratory pathway have been
shown to induce alternative oxidase gene transcrip-
tion and to increase alternative oxidase protein levels
in plants [4] and fungi [5]. External factors, such as
low temperature and pathogen infection can also in-
£uence alternative oxidase gene expression and pro-
tein synthesis [4].
These and other studies point toward a role for the
alternative oxidase in maintaining respiratory £ux
when normal respiratory metabolism is perturbed,
consistent with a long-held concept that the alterna-
tive pathway functions in an electron (or energy)
over£ow capacity [2]. This over£ow allows continued
turnover of carbon skeletons through glycolysis and
the tricarboxylic acid cycle when the cytochrome
pathway activity is restricted, for whatever reason.
More recently, this concept has been expanded to
suggest that the primary role of the alternative path-
way, when electron £ow through the cytochrome
pathway becomes limited, is to keep the ubiquinone
pool su⁄ciently oxidized to prevent the autoxidation
of reduced ubiquinone and the subsequent formation
of reactive oxygen species [6]. Direct experimental
support for this concept was reported recently in ex-
periments using tobacco culture cells from transgenic
plants having reduced levels of alternative oxidase
[7]. Cells lacking the alternative oxidase showed a
higher level of reactive oxygen formation than wild-
type cells. Because the alternative pathway can be
quite active even when the cytochrome pathway is
not saturated [8], it is likely that these two respira-
tory pathways are regulated in concert to balance
ubiquinone pool oxidation/reduction and carbon
skeleton turnover in response to cytosolic ATP lev-
els.
2. Structure of the alternative oxidase
The past decade has seen major advances in under-
standing the structural features of the alternative ox-
idase. The generation of antibodies against a protein
speci¢cally associated with the alternative pathway in
Sauromatum guttatum [9] paved the way for the iso-
lation of a cDNA that encoded the protein [10].
Since then, complete cDNA sequences encoding the
alternative oxidase have been reported from at least
23 species, including six fungi and one protozoan
[4,11,12]. Expression of the cDNA encoding an Ara-
bidopsis thaliana alternative oxidase in a strain of
Escherichia coli that lacked cytochrome pathway-
mediated respiration gave rise to alternative oxidase
activity [13], indicating that the polypeptide encoded
by this cDNA alone was su⁄cient to produce an
active alternative oxidase.
Among plants, the mature alternative oxidase (i.e.,
absent the mitochondrial transit peptide) contains
just over 280 amino acids [10]. Hydropathy analysis
of the amino acid sequence indicates that most of the
protein is hydrophilic, but there are two hydrophobic
regions each about 20 amino acids in length and
beginning roughly 110 and 170 residues into the ma-
ture protein, respectively [2]. The fact that the alter-
native oxidase behaves like an integral membrane
protein led to the suggestion that these hydrophobic
regions anchored the protein to the membrane by
forming two transmembranous K-helices [2]. In this
arrangement, most of the mass of the protein was
situated in the aqueous phase on the matrix side of
the inner mitochondrial membrane. An interhelical
region, consisting of about 40 amino acids, was lo-
cated in the intermembrane space linking the two
membrane-spanning regions. More recently, model-
ing of the alternative oxidase active site has indicated
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that this interhelical region is required to form the
postulated di-iron center (cf. below) which precludes
its being on the opposite side of the membrane from
the rest of the C-terminal region of the protein. This
led Andersson and Nordlund [11] to suggest that the
alternative oxidase is an interfacial membrane pro-
tein, analogous to prostaglandin H2 synthase-1. In
this model, all of the more C-terminal hydrophobic
stretch and about half of the residues in the more N-
terminal of the two original proposed membrane-
spanning regions are postulated to anchor the pro-
tein to the membrane by insertion into one half of
the bilayer (Fig. 1).
Umbach and Siedow [14] initially found that a
fraction of the plant alternative oxidase ran as a
dimer on SDS^PAGE gels when samples were pre-
pared in the absence of a thiol reducing agent.
Chemical cross-linking reagents were subsequently
used to verify that the plant alternative oxidase is
present as a dimer in the membrane, with the partic-
ipating monomeric subunits capable of being either
covalently linked by an intermolecular disul¢de
bond, or not, when the disul¢de was reduced to its
component sulfhydryls. When isolated soybean mito-
chondria were treated chemically to poise the alter-
native oxidase dimers in either the fully reduced (-SH
HS-) or fully oxidized (-S^S-) state, the oxidized,
disul¢de-linked species was found to be substantially
less active than the reduced one [14,15]. While lim-
ited in scope, most studies of the oligomeric nature
of the alternative oxidase from non-plant sources,
including several fungi [12,16] and a protozoan [17],
have found the oxidase to be present as a monomer
(although see [18]). This di¡erence between plants
and non-plants (Fig. 1) may not be catalytically sig-
ni¢cant. Berthold et al. [19], using radiation-inactiva-
tion analysis, found that the functional molecular
mass of the plant enzyme was around 32 kDa, sug-
gesting that the individual monomeric subunits with-
in each dimer act as the catalytically-functional units
in plants. The signi¢cance of the dimeric structure in
plants therefore remains unknown and will be con-
sidered more fully below.
The nature of the alternative oxidase catalytic site
has been a topic of long-standing interest [1,2]. The
alternative oxidase catalyzes the four-electron reduc-
tion of oxygen to water, but it is a rather simple
protein structurally, the functional unit being a single
polypeptide of around 32 kDa. Indirect evidence sug-
gested the active site contains iron [1], but partially
puri¢ed active preparations of alternative oxidase
consistently failed to show any obvious spectroscopic
features, most notably optical or EPR [20]. While
unusual for a metalloprotein, these properties are
similar to those seen with the hydroxylase subunit
of methane monooxygenase, a di-iron carboxylate
protein belonging to the sub-group of di-iron pro-
teins known as ribonucleotide reductase (RNR) R2-
Fig. 1. Proposed structures for the monomeric fungal and dimeric plant alternative oxidases. The most conserved regions of the fungal
and plant protein sequences constitute the four helix bundle that binds the di-iron center (dark semi-circles) of the active site, as pro-
posed by Andersson and Nordlund [11]. The shaded helices represent the two hydrophobic regions originally designated as membrane
spanning in earlier models of alternative oxidase [2]. The ¢rst hydrophobic region is in two segments, with one segment being buried
in the membrane. The second hydrophobic region is completely within the membrane. In the plant oxidase, the N-terminal region
contains a highly conserved block of amino acids (ovals) which includes the regulatory cysteine. The dimerization domain of the plant
protein may also reside in this conserved block. The fungal alternative oxidases do not appear to form dimers and have N-terminal
regions divergent in sequence from those of the plants. The site of purine nucleotide stimulation of the fungal enzyme is not known,
but possible sites are a unique sequence segment (shown hatched) just before the ¢rst di-iron binding helix, and the portion of the
C-terminus that extends beyond the end of the plant sequences.
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like proteins [21]. A distinguishing characteristic of
this class of di-iron proteins is the presence of two
EXXH motifs, where the glutamate and histidine
residues are involved in coordinating the two iron
atoms in the active center along with two additional
carboxylate residues [21]. Structurally, RNR R2-like
proteins all form an anti-parallel four-helical bundle
arranged in two pairs. The EXXH motif is found on
helices 2 and 4, which lie next to helices 1 and 3,
respectively. Each of the latter helices contains one
of the two additional coordinating carboxylate resi-
dues.
Siedow et al. [22] initially noted that there were
three conserved EXXH motifs among the limited
number of known alternative oxidase sequences.
Based on this they proposed the active site of the
alternative oxidase contained a di-iron center, similar
to that seen in the hydroxylase subunit of methane
monooxygenase, with a bridging O in the form of an
OH which would eliminate the visible absorbance
seen with other RNR R2-like di-iron proteins. Be-
cause the most N-terminal of the three EXXH motifs
was located in the interhelical region postulated at
the time to be on the opposite side of the membrane
from the likely catalytic site, Siedow et al. suggested
that the two more C-terminal of the three motifs
contributed to the active site [22] and developed a
structural model for the resulting di-iron center [23].
Following the appearance of additional alternative
oxidase sequences, it became apparent that the histi-
dine in the middle EXXH motif was not conserved,
particularly among non-plant oxidases, whereas the
more N-terminal of the three motifs remained abso-
lutely conserved among all known alternative oxidase
sequences. Andersson and Nordlund [11] combined
this observation with recent insights into the struc-
tural features of RNR R2-like proteins to develop an
alternative model for the di-iron active site of the
alternative oxidase (Fig. 1). As noted previously,
this required eliminating the postulated pair of trans-
membrane-spanning regions in order to position the
two conserved EXXH motifs on the same side of the
inner mitochondrial membrane (Fig. 1). The revised
di-iron model for the alternative oxidase also con-
tains four helices whose lengths, order and spacing
between iron-coordinating carboxylate residues on
helices 1 and 2 and helices 3 and 4 are all more
consistent with established structural features of
RNR R2-like proteins than had been the case with
the earlier model [11]. In addition, mapping the se-
quence of the alternative oxidase onto the known
structure of the di-iron protein, v9-desaturase, re-
vealed a crevice 10 Aî long and 5 Aî wide that is lined
by a series of highly conserved, hydrophobic resi-
dues. It was suggested that this crevice might repre-
sent the ubiquinol binding site [11]. Interestingly, two
of the three mutants of an A. thaliana alternative
oxidase identi¢ed in a screen for reduced levels of
SHAM inhibition included residues in the vicinity
of this proposed crevice [24]. SHAM is believed to
inhibit the alternative oxidase by acting as a compet-
itive inhibitor of ubiquinol [2].
As pointed out by Andersson and Nordlund [11],
the revised model of the structure of the di-iron ac-
tive center of the alternative oxidase opens the way
for more informed experimental testing, particularly
using site-directed mutagenesis. Even before the ap-
pearance of the newer structural model, site-directed
mutagenesis of the glutamate residue in the more C-
terminal of the two EXXH iron-binding motifs [25]
and of a residue next to the postulated iron-coordi-
nating glutamate in helix 3 [26] had been carried out.
Both modi¢cations resulted in the expression of an
alternative oxidase protein that had no measurable
activity [25], consistent with these residues playing an
important role in the alternative oxidase active site.
However, it is important to note that there has yet to
be any direct spectroscopic veri¢cation of the pres-
ence of a di-iron center in the alternative oxidase
and, however likely the prospect of its presence, it
will be a welcome sight when such spectroscopic val-
idation ¢nally appears.
3. Regulation of the alternative oxidase
It has long been established that the activity of the
alternative oxidase in vivo is strongly dependent
upon both the amount of alternative oxidase protein
present and the concentration of its substrate, re-
duced ubiquinone [2,27]. However, in recent years
progress has been made in characterizing additional
potential mechanisms of post-translational regulation
of the plant alternative oxidase. As noted above, the
plant enzyme exists as a dimer and when the two
monomeric subunits are covalently linked by a disul-
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¢de bond, the enzyme is essentially inactive. In iso-
lated mitochondria, the activity of the alternative
oxidase is also markedly enhanced by the addition
of K-keto acids, notably pyruvate [27,28]. A relation-
ship between these two regulatory features was sug-
gested by the observation that the stimulatory e¡ect
of K-keto acids is most apparent when the regulatory
sulfhydryl/disul¢de system is poised in the reduced
state [15,29]. Little or no stimulation by K-keto acids
was seen when the disul¢de bond was formed. Sub-
sequent studies with sulfhydryl reagents suggested
that K-keto acids interact with the plant alternative
oxidase at a sulfhydryl group [30], probably through
the formation of a thiohemiacetal by reaction be-
tween the cysteine sulfhydryl and the K-keto acid
(Fig. 2).
Site-directed mutagenesis of the plant alternative
oxidase expressed in E. coli [31] and tobacco [32]
identi¢ed the speci¢c cysteine residue associated
with formation of the regulatory sulfhydryl/disul¢de
system. The regulatory cysteine corresponds to the
more N-terminal of the two highly, but not univer-
sally, conserved cysteine residues found among plant
alternative oxidase sequences. When this cysteine was
replaced by alanine, the oxidase maintained its di-
meric structure [31], but could no longer form an
intermolecular disul¢de bond [31,32]. The activity
of the alanine-substituted oxidase in either E. coli
membranes or isolated tobacco mitochondria was
quite low (6 15% of the pyruvate-activated wild
type) and could not be stimulated by K-keto acids
[31,32]. Replacement of the cysteine by glutamate,
which structurally approximates the thiohemiacetal
species formed by the reaction of a cysteine with
an K-keto acid (Fig. 2), produced an active enzyme
(V60% of the pyruvate-activated wild type) whose
activity was una¡ected by the addition of K-keto
acids [31]. This latter result further supported the
role of this cysteine residue as the site of K-keto
acid stimulation and was consistent with K-keto
acid stimulation occurring through formation of a
thiohemiacetal. These mutagenesis studies, in con-
junction with biochemical studies using sulfhydryl
reagents [31], support the concept that a single cys-
teine residue (C127 in the full-length A. thaliana en-
zyme, AOX1a [33]) serves as both the regulatory
sulfhydryl/disul¢de and the site of activation by K-
keto acids.
Fig. 2. Schematic diagram of the regulatory features of the plant alternative oxidase. When the dimeric plant enzyme is covalently
linked (oxidized) by a disul¢de bond, K-keto acids cannot activate it. When the disul¢de bond is reduced, its component sulfhydryls
can associate with K-keto acids through formation of a thiohemiacetal, resulting in enzyme activation. Formation of the thiohemiace-
tal introduces a charged species into the N-terminal region of the protein. Replacing the cysteine with a glutamate mimics the intro-
duction of a charge in this region and gives rise to a permanently activated oxidase.
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While the alternative oxidase formed by the cys-
teine to alanine conversion in the tobacco alternative
oxidase was relatively inactive in isolated mitochon-
dria, the level of cyanide-resistant respiratory activity
in intact cells from these transgenic plants remained
surprisingly high [32]. A possible solution to this ap-
parent dilemma was obtained when it was reported
that mutagenesis of the regulatory cysteine to serine
produced an oxidase whose activity was not a¡ected
by K-keto acids, but was stimulated by succinate [34].
The activity of the oxidase with alanine substituted
at this position can also be stimulated by succinate
([34]; A.L. Umbach, unpublished observation).
These observations are physiologically relevant be-
cause the K-keto acid-reactive cysteine residue is
not universally conserved among plant alternative
oxidases. Alternative oxidase genes from both rice
[35] and tomato [34] have been reported to have
the regulatory cysteine replaced by serine. Like py-
ruvate, succinate should be produced in su⁄cient
concentration in the mitochondrial matrix to bring
about the observed stimulation.
These results suggest there are two possible mech-
anisms for stimulating alternative oxidase activity,
depending upon the nature of the particular alterna-
tive oxidase species present. Most plant oxidases
have the regulatory cysteine and are subject to stim-
ulation by K-keto acids (Fig. 2). In those alternative
oxidases where the regulatory cysteine has been re-
placed by a serine, activity can potentially be modu-
lated by succinate. The two stimulations appear to be
mutually exclusive; succinate does not stimulate ac-
tivity in the cysteine-containing oxidases (except
when it is a substrate) and K-keto acids do not a¡ect
the activity of the serine-containing oxidase [34].
How succinate acts to stimulate the serine-containing
oxidase and how that might be related to the e¡ects
brought about by K-keto acids on the cysteine-con-
taining oxidase remains to be established. While both
molecules have the common chemical feature of
being carboxylate-containing species, it has not yet
been established that negative charges are essential
for promoting enzyme activity.
Somewhat uncertain at this point is the physiolog-
ical role that either the regulatory sulfhydryl/disul¢de
system or the stimulation by K-keto acids (or succi-
nate) might actually play in regulating alternative
oxidase activity in vivo [27]. The concentration of
pyruvate likely to be present in the mitochondrial
matrix is well beyond that required to bring about
half-maximal stimulation of the alternative oxidase
in vitro. The standard regulatory scenario has pyru-
vate concentrations increasing when the alternative
oxidase needs to be activated to oxidize excess car-
bon substrates and/or prevent the buildup of reactive
oxygen species. However, if the pyruvate concentra-
tion present under most conditions is su⁄cient to
maximally activate the oxidase, it is hard to see
how this feed-forward system might actually regulate
activity. Likewise, attempts to determine the redox
poise of the regulatory sulfhydryl/disul¢de system
in vivo have found the oxidase to be present almost
exclusively in the reduced state [36^38]. This would
make the enzyme fully susceptible to activation by
K-keto acids and preclude the redox state of the di-
sul¢de system acting as a regulatory mechanism. On
the other hand, in vivo measurements of the distri-
bution of electron £ow between the cytochrome and
alternative pathways in the absence of inhibitors
have indicated that alternative oxidase activity is
subject to regulation by factors other than protein
level or ubiquinone reduction state [39,40]. Clearly
additional studies are needed, and the ability to pro-
duce transgenic plants expressing site-directed muta-
tions of the alternative oxidase should be useful in
helping to clarify this issue.
Regulation of the alternative oxidase activity in
fungi and protozoa is not as well characterized as
that in plants. In fungi, induction of alternative ox-
idase gene expression leading to increased protein
levels has been seen in response to inhibitors of the
cytochrome pathway [5,16,41^43], and to other fac-
tors, including the carbon source used for growth
[44] or the presence of reactive oxygen species [45].
Post-translational regulation has not been extensively
studied, but it has been reported that purine nucleo-
tides, particularly ADP, AMP and GMP, stimulate
alternative oxidase activity in a number of fungi [46^
48] and protozoa [17]. In fact, under some conditions
alternative oxidase activity is almost completely de-
pendent upon the presence of purine nucleotides
[12,17,47]. The mode of action of these compounds
has yet to be determined. While the fungi have not
been surveyed extensively, no stimulation of alterna-
tive oxidase activity by K-keto acids was found in
Magnaporthe, Pichia or Neurospora [12,16] and suc-
BBABIO 44936 7-8-00
J.N. Siedow, A.L. Umbach / Biochimica et Biophysica Acta 1459 (2000) 432^439 437
cinate did not stimulate activity in the latter two
organisms (A.L. Umbach, unpublished observation).
As noted previously, most of the fungi studied to
date have been found to exist as monomers, a clear
contrast with the plant protein that has always been
found to be dimeric.
The structural basis for the di¡erences in these
regulatory properties has not been established. Com-
parison of the known plant and fungal amino acid
sequences indicates there is considerable variability
between the plant and fungal sequences in the N-
terminal region of the protein, even after eliminating
the putative transit peptides [12]. Within this N-ter-
minal region in the plant alternative oxidases, there is
a highly conserved block of about 40 amino acids
that includes the regulatory cysteine discussed previ-
ously. The fungal sequences initially align with the
plant sequences just after this block, about 30 amino
acids N-terminal to the ¢rst hydrophobic region.
With the exception of an insertion of 20^25 amino
acids unique to the fungal sequences just before the
¢rst hydrophobic region and the extension of the C-
terminus 20^50 amino acids beyond that in plants,
the plant and fungal sequences are highly similar.
This region of similarity between the two groups of
alternative oxidases represents that part of the pro-
tein needed to form the alternative oxidase di-iron
site (Fig. 1) [11].
Given the dimeric nature of the plant oxidase and
the apparent monomeric nature of most fungal pro-
teins examined to date, it is tempting to speculate
that the highly conserved block of 40 amino acids
in the N-terminal region of the plant oxidases acts
as a dimerization domain (Fig. 1). Further, this re-
gion, in conjunction with the regulatory cysteine lo-
cated in the middle of it, might also be responsible
for the stimulatory e¡ects of K-keto acids seen in
plants. The absence of this region in fungi accounts
for both the monomeric nature of the fungal enzyme
and the lack of stimulation by K-keto acids. Equally
intriguing is the region of the fungal enzyme that
might be responsible for the observed stimulation
by purine nucleotides. At present both the conserved
20^25 amino acid insert just before the ¢rst hydro-
phobic region and the C-terminal extension are can-
didates for imparting this property. The ability to
generate site-directed mutants, as well as carry out
domain swapping using bacterial and yeast expressed
alternative oxidases should allow clari¢cation of
these points in the future.
Much has been learned about the structure and
regulation of the alternative oxidase over the past
decade. The apparent conservation of structural fea-
tures associated with the catalytic properties of the
protein among all alternative oxidases is juxtaposed
against the range of potential post-translational reg-
ulatory features associated with the protein. It will
remain for future studies to better understand the
mechanistic origins of these diverse features, as well
as their physiological role(s).
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